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Interplay of nuclear and Coulomb effects in proton breakup from exotic nuclei
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This paper gives new insight to the study of dynamical effects in proton breakup as compared to neutron
breakup from a weakly bound state in an exotic nucleus. To clarify and assess quantitatively which mechanism
would dominate the measured observables, we study here several reaction mechanisms separately but also their
total effect, including interference. These mechanisms are (i) the recoil effect of the core-target Coulomb potential
which we distinguish from the direct proton-target Coulomb potential, and (ii) nuclear breakup, which consists
of stripping and diffraction. Direct Coulomb breakup typically gives cross sections about an order of magnitude
larger than the recoil term, and the amount of nuclear diffraction vs Coulomb depends on the target. Thus for each
mechanism the absolute values of breakup cross sections and parallel momentum distributions for *B and '"F
projectiles calculated on a light and a heavy target in a range of intermediate incident energies (40A-80A MeV)
are presented. Furthermore we study in detail the interference among the two Coulomb effects and nuclear
diffraction. The calculation of the direct and recoil Coulomb effects separately and of their interference is the

new and most relevant aspect of this paper.
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In a previous publication [1] we studied dynamical effects
in proton breakup from a weakly bound state in an exotic
nucleus on a heavy target. We used a semiclassical method
that treats the full Coulomb and nuclear interactions to all
orders [2,3]. The dynamics of proton nuclear and Coulomb
breakup was compared to that of an equivalent neutron of
larger binding energy in order to elucidate the differences with
the well understood neutron breakup mechanism. We found
that with respect to nuclear breakup a proton behaves exactly
as a neutron of larger binding energy. The extra “effective
energy” is due to the combined core-target Coulomb barrier
(see Fig. 2 of Ref. [4]). In Coulomb breakup we distinguished
in Ref. [1] the effect of the core-target Coulomb potential
(called the recoil effect), with respect to which the proton
behaves again as a more bound neutron, from the (direct)
proton-target Coulomb potential effect. The latter gave cross
sections about an order of magnitude larger than the recoil
term. However, the much debated [4] question of the relative
magnitude of nuclear and Coulomb breakup was not assessed
from a quantitative point of view. This question has been raised
again [5] in relation to a study, via the continuum discretized
coupled channel (CDCC) method, of the effect of breakup on
elastic scattering. We will show in this paper how reaction
theory can presently answer such a question.

In fact, in another recent paper [6] in which CDCC has also
been used, the authors have shown that our predictions [1] for
the proton angular distribution after Coulomb breakup were
correct and thus they have validated our interpretation. Such
comparison is interesting for two reasons. The first is that
CDCCl s easier to apply at low energy because the convergency
is faster while a semiclassical method like ours works well
in the medium-high energy domain. The second is that in
our method the interpretation of the results is straightforward
because the relative motion between projectile and target is
introduced via a semiclassical trajectory and thus the Coulomb
and nuclear potential that the breakup particle feels can be
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treated exactly and approximations can be checked, without
disturbing the relative motion treatment. Thus the two methods
could be complementary in their applications.

We then proceed in this paper to present the calculated
absolute values of the cross sections due to the nuclear and
Coulomb breakup (recoil and direct) separately and then show
how much the interference effects modify the simple sum of the
cross sections. This is very important in view of spectroscopic
studies of proton vs neutron rich nuclei Refs. [7-24] and also
for the applications in nuclear astrophysics since Coulomb
breakup is considered the inverse process of the (p, y) capture
[7]. Results from breakup on a light and a heavy target will
be discussed in a range of incident energies from 40A to
80A MeV. The details of the theory can be found in Refs. [2,3].

Table I shows the bound state parameters used in the
calculations. Although the calculations are done here with the
exact proton wave function we give also the effective binding
energies discussed in Ref. [1] to help the reader understand the
difference with the neutron breakup. Spectroscopic factors for
the initial states are taken equal to unity. For both projectiles,
only breakup from the valence state is considered. All other
parameters used in the calculations are the same as in our
previous papers [1,3].

Table II contains the absolute values of the cross sections
for the one proton breakup from 8B and '’F on '>C and **Pb
at 40A, 60A, and 80A MeV. The cross sections due to the
stripping and diffraction mechanisms of the nuclear breakup
and the direct and recoil terms of the Coulomb breakup
are shown separately. We give also the total Coulomb cross
sections which contain the interference effects of direct and
recoil terms. Furthermore the total elastic breakup (diffraction
plus Coulomb) cross sections are given. They contain all
interference effects between the three possible mechanisms
(nuclear, direct Coulomb, recoil Coulomb) following which
the proton would be measurable in coincidence with the core.
We remind the reader that nuclear stripping instead is the
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TABLE 1. Barrier radii, initial binding energies, and effective
energy parameters for a 2°*Pb target.

SB J7 17F Jr
R; (fm) 6.0 6.5
&; (MCV) —-0.14 1p3/2 —-0.6 1d5/2
—A (MeV) —0.4 12
& (MGV) —0.54 1p3/2 —1.8 1d5/2

mechanism in which the nucleon is emitted by the projectile
and undergoes a final state inelastic scattering with the target.
It is thus considered absorbed by the target, in the sense of the
optical model absorption and its energy degraded such that it
would not be detected in coincidence with the core of origin.
Such a mechanism cannot interfere with diffraction nor with
Coulomb breakup. Stripping is larger than diffraction, as first
noticed in Ref. [25].

Parallel momentum distributions due to the Coulomb recoil
and Coulomb direct terms from 8B and '’F and their combined
effect including interference are shown in Figs. 1 and 3,
respectively, while Figs. 2 and 4 show parallel momentum
distributions due to nuclear and Coulomb breakup from the
same projectiles and their total effect including interference.
Notice that in Fig. 3 some asymmetries appear due to the
interference of the direct and recoil Coulomb effects.

In the case of the B projectile at 40A MeV incident energy
on the 28Pb target both the cross section values in Table II
and Fig. 1(c) show that the direct and recoil Coulomb terms
interfere destructively and total Coulomb is almost exactly the
difference of the two. Increasing the incident energy, the two
Coulomb effects show very small interference and the total
is very close to the sum of the two in the total cross section
(cf. Table II) while in the momentum distributions shown in
Fig. 1(d) at the very small parallel momentum values it is
given by the difference of the two with the recoil term just
contributing more. The interference between diffraction and
Coulomb is also very small and it is destructive or constructive
depending on the incident energy on the heavy target, Figs. 2(c)
and 2(d). As expected, on the light '>C target the recoil effect is
really negligible and the Coulomb breakup is mainly due to the
direct term at all incident energies, Figs. 1(a) and 1(b). Thus
the interference is small and always constructive. Diffraction
cross sections on the other hand have much higher values
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than Coulomb breakup cross sections for the light target. The
interference is so strong at low energy that it almost doubles
the simple sum of diffraction and Coulomb breakup, Figs. 2(a)
and 2(b). This effect is very interesting and it shows that by
including the Coulomb breakup the cross section can increase
a lot but not because the Coulomb itself is large, but because
of the interference.

In the case of the !’F projectile the effects are similar but the
interference, in the cases shown here, is always constructive
both between direct and recoil Coulomb as well as between
Coulomb and diffraction as can been seen from Figs. 3 and 4.

On the other hand looking at Table II one sees also that
for both projectiles the total nuclear breakup cross sections
are always of the same order of magnitude than the recoil
Coulomb breakup on a heavy target but much smaller than the
direct Coulomb and the total Coulomb cross sections. Thus
we confirm what has already been suggested by other authors
[16,20,26], on why in the past calculated nuclear breakup of a
proton has been found comparable to or even larger than the
Coulomb breakup. The misinterpretation was simply due to
a underestimation of the direct Coulomb breakup due to both
the dipole approximation and its treatment to first order and to
the fact that interference effects were overlooked. In particular
our present results and interpretation seem to corroborate the
CDCC calculations and interpretation of Ref. [26], the new
aspect of our method being the study of the direct and recoil
Coulomb effects separately and of their interference.

In conclusion, in this paper we have presented results of
calculations for all mechanisms that can produce breakup of a
weakly bound proton from an exotic nucleus impinging on a
light and a heavy target. The semiclassical method used allows
us to treat both the full nuclear and Coulomb interactions to
all orders and all multipolarities. On a light target the total
nuclear breakup is always larger than the Coulomb breakup.
On the other hand although the Coulomb breakup is very
small the interference between diffraction and Coulomb is
constructive and such that the total becomes quite large. On a
heavy target instead the total nuclear breakup is of the same
order of magnitude as the Coulomb recoil effect while the
direct Coulomb breakup is one order of magnitude larger.
Thus this term dominates not only in the total Coulomb
breakup but also in the total diffraction plus Coulomb term. The
quantitative assessment of the direct Coulomb breakup and of
its interference with other mechanisms is very important and

TABLE 1. oy,,(mb) for nuclear and Coulomb mechanisms as indicated for ®B, 1ps3, initial state, and '’F, 1ds , initial state, on '*C and

208pb targets at Ej,. = 404, 604, 80A MeV.

Target 2c 208pp

Epe(MeV) 40A 60A 80A 40A 60A 80A
Projectile 58 UF SR UF B UF 3B IR ‘B TE 8B R
Stripping 51.62 18.06 41.17 1349 3479 1093 105.94 29.97 88.59  23.09 78.16  19.29
Diffraction 3172  8.19 23116 542 18.86  4.15 70.42 14.08 58.84 10.99 52.39 9.36
Coulomb recoil 0.10 0.007 0.05 0.004 0.03 0.002 534.18 6598 26223 31.74  159.09 19.14
Coulomb direct 2.09 058 1.01  0.28 0.61 0.17 4562.66 1209.35 2578.76 624.61 1741.04 394.54
Total Coulomb 2.51 0.67 1.21 0.32 0.73  0.19 412947 154239 2796.84 874.40 1925.34 611.52
Coulomb and Diffraction 60.29 22.79  39.74 13.18 30.89 942 422856 1608.39 2740.82 956.64 1928.03 691.09
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FIG. 1. (Color online) Parallel momentum distributions due to the Coulomb recoil and direct terms from ®B on '2C and 2°®Pb as indicated
and their combined effect including interference.
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FIG. 2. (Color online) Parallel momentum distributions due to diffraction and Coulomb breakup from ®B on '2C and 2°*Pb as indicated and
their combined effect including interference.
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FIG. 3. (Color online) Parallel momentum distributions due to the Coulomb recoil and direct terms from '"F on >C and **®Pb as indicated

and their combined effect including interference.
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FIG. 4. (Color online) Parallel momentum distributions due to diffraction and Coulomb breakup from "F on '2C and 2°®Pb as indicated

and their combined effect including interference.
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given here for the first time in the literature. It is then clear that
the breakup mechanism of a proton is much more complicated
than that of a neutron and disentangling various effects is
of fundamental importance when interpreting experimental
data. Interference effects are somehow impossible to predict
without an explicit calculation and as it has been shown
above might vary from one observable to the other and very
accurate yet simple to interpret reaction models are necessary
to analyze data and/or to make predictions in order to plan
future experiments. This is particularly true for applications
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in nuclear astrophysics where Coulomb breakup is considered
the inverse process of the (p,y) reaction. Such a concept will
have to be handled with great care in the future. Detailed
calculations such as those presented here or made with the
CDCC method, depending on the incident energy, should be
performed and correctly interpreted in order to assess two
aspects: (i) if and which part of the cross section could be
considered corresponding to the (p,y) reaction cross section;
(ii) if such separation could be also done by an appropriate
experimental procedure and in the data.

[1] Ravinder Kumar and Angela Bonaccorso, Phys. Rev. C 84,
014613 (2011).
[2] A. Garcia-Camacho, A. Bonaccorso, and D. M. Brink, Nucl.
Phys. A 776, 118 (2006).
[3] A. Garcia-Camacho, G. Blanchon, A. Bonaccorso, and D. M.
Brink, Phys. Rev. C 76, 014607 (2007).
[4] A. Bonaccorso, D. M. Brink, and C. A. Bertulani, Phys. Rev. C
69, 024615 (2004).
[5] B. Paes, J. Lubiana, P. R. S. Gomes, V. Guimares, Nucl. Phys.
A 890, 1 (2012).
[6] Y. Kucuk and A. M. Moro, Phys. Rev. C 86, 034601 (2012).
[7] G. Baur, C. A. Bertulani, and H. Rebel, Nucl. Phys. A 458, 188
(1986).
[8] J. F. Liang, J. R. Beene, A. L. Caraley, H. Esbensen, A. Galindo-
Uribarri, C. J. Gross, P. E. Mueller, K. T. Schmitt, D. Shapira,
D. W. Stracener, and R. L. Varner, Phys. Lett. B 681, 22 (2009).
[9] T. Motobayashi ef al., Phys. Rev. Lett. 73, 2680 (1994).
[10] T. Kikuchi ef al., Phys. Lett. B 391, 261 (1997).
[11] B. Davids et al., Phys. Rev. C 63, 065806 (2001).
[12] J. Mortimer, 1. J. Thompson, and J. A. Tostevin, Phys. Rev. C
65, 064619 (2002); N. C. Summers and F. M. Nunes, J. Phys. G
31, 1437 (2005).
[13] G. Goldstein, P. Capel, and D. Baye, Phys. Rev. C 76, 024608
(2007).

[14] H. Esbensen, G. F. Bertsch, and C. A. Bertulani, Nucl. Phys. A
581, 107 (1995).

[15] T. Nakamura ef al., Phys. Rev. C 79, 035805 (2009).

[16] H. Esbensen and G. F. Bertsch, Phys. Rev. C 66, 044609 (2002).

[17] H. Esbensen, G. F. Bertsch, and K. A. Snover, Phys. Rev. Lett.
94, 042502 (2005).

[18] Report on the Second EURISOL Topical Meeting, Valencia,
21-24 February 2011, edited by B. Rubio and A. Bonaccorso,
available at www.eurisol.org/usergroup.

[19] R. Crespo, M. Rodriguez-Gallardo, A. M. Moro, A. Deltuva,
E. Cravo, and A. C. Fonseca, Phys. Rev. C 83, 054613 (2011),
and references therein.

[20] H. Esbensen and G. F. Bertsch, Nucl. Phys. A 706, 383 (2002).

[21] J. Margueron, A. Bonaccorso, and D. M. Brink, Nucl. Phys. A
703, 105 (2002).

[22] J. Margueron, A. Bonaccorso, and D. M. Brink, Nucl. Phys. A
720, 337 (2003).

[23] B. Abu-Ibrahim and Y. Suzuki, Prog. Theor. Phys. 112, 1013
(2004); 114, 901 (2005).

[24] P. Capel, D. Baye, and Y. Suzuki, Phys. Rev. C 78, 054602
(2008).

[25] A. Bonaccorso and D. M. Brink, Phys. Rev. C 44, 1559 (1991).

[26] M. S. Hussein, R. Lichtenthidler, F. M. Nunes, and 1. J.
Thompson, Phys. Lett. B 640, 91 (2006).

061601-5


http://dx.doi.org/10.1103/PhysRevC.84.014613
http://dx.doi.org/10.1103/PhysRevC.84.014613
http://dx.doi.org/10.1016/j.nuclphysa.2006.07.033
http://dx.doi.org/10.1016/j.nuclphysa.2006.07.033
http://dx.doi.org/10.1103/PhysRevC.76.014607
http://dx.doi.org/10.1103/PhysRevC.69.024615
http://dx.doi.org/10.1103/PhysRevC.69.024615
http://dx.doi.org/10.1016/j.nuclphysa.2012.07.011
http://dx.doi.org/10.1016/j.nuclphysa.2012.07.011
http://dx.doi.org/10.1103/PhysRevC.86.034601
http://dx.doi.org/10.1016/0375-9474(86)90290-3
http://dx.doi.org/10.1016/0375-9474(86)90290-3
http://dx.doi.org/10.1016/j.physletb.2009.09.055
http://dx.doi.org/10.1103/PhysRevLett.73.2680
http://dx.doi.org/10.1016/S0370-2693(96)01480-3
http://dx.doi.org/10.1103/PhysRevC.63.065806
http://dx.doi.org/10.1103/PhysRevC.65.064619
http://dx.doi.org/10.1103/PhysRevC.65.064619
http://dx.doi.org/10.1088/0954-3899/31/12/005
http://dx.doi.org/10.1088/0954-3899/31/12/005
http://dx.doi.org/10.1103/PhysRevC.76.024608
http://dx.doi.org/10.1103/PhysRevC.76.024608
http://dx.doi.org/10.1016/0375-9474(94)00423-K
http://dx.doi.org/10.1016/0375-9474(94)00423-K
http://dx.doi.org/10.1103/PhysRevC.79.035805
http://dx.doi.org/10.1103/PhysRevC.66.044609
http://dx.doi.org/10.1103/PhysRevLett.94.042502
http://dx.doi.org/10.1103/PhysRevLett.94.042502
http://www.eurisol.org/usergroup
http://dx.doi.org/10.1103/PhysRevC.83.054613
http://dx.doi.org/10.1103/PhysRevC.83.054613
http://dx.doi.org/10.1016/S0375-9474(02)00869-2
http://dx.doi.org/10.1016/S0375-9474(01)01336-7
http://dx.doi.org/10.1016/S0375-9474(01)01336-7
http://dx.doi.org/10.1016/S0375-9474(03)01092-3
http://dx.doi.org/10.1016/S0375-9474(03)01092-3
http://dx.doi.org/10.1143/PTP.112.1013
http://dx.doi.org/10.1143/PTP.112.1013
http://dx.doi.org/10.1143/PTP.114.901
http://dx.doi.org/10.1103/PhysRevC.78.054602
http://dx.doi.org/10.1103/PhysRevC.78.054602
http://dx.doi.org/10.1103/PhysRevC.44.1559
http://dx.doi.org/10.1016/j.physletb.2006.07.046



